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EXPERIMENTAL VERIFICATION OF THE RUDDER-FREE
STABITITY THEORY FOR AN AIRPLANE "MODEL
EQUIPPED wITH RUDDERS HAVING NEGATIVE
FLOATING TENDENCY AND NEGLIGIBIE FRICTION

By Marion O. McKinney, Jr. and Bernard Maggin
SUMMARY

An investigation bas been made in the Langley free-
flight tunnel to obtain an experimental verification
of the theoretical rudder-free stability characteristics
of an airplane model equipped with conventional rudders
having negative floating tendencies and neglfgible
friction. The model used in the testswas equipped with
a conventional single vertical tail having rudder area
10 percent of the vertical tail area. The model was
tested both in free flight and mounted on a strut that
allowed fresdom only in yaw. Measurements were made
of the rudder-free oscillations following a disturbance
in yaw. Tests wsre made with three different amounts
of rudder aerodynamic balance and with various values
of mass, moment of inertia, and center-of-gravfty
location of the rudder. Most of the stability derivatives
required for the theoretical calculations were determined
from force and free-oscillation tests of the particular
model tested.

The theoretical analysis showed that the rudder-
free motions of an sirplane consist largely of two
oscillatory modes - a long-period oscillation somewhat
similar to the normal rudder-fixed oscillation and a
short-period oscillation introduced only when ths
rudder is set free. It; was found possible in the
tests to create lateral instability of the rudder-free
short-period mode by large values of rudder mass parameters
even though the rudder-fixed condition was highly stable.

The results of the tests and calculations indfcated
that, for most present-day afrplanes having rudders of
negative floating tendency, the rudder-free stability
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characteristics may be examined by simply considering
the dynamic lateral stability usfng the value of the
directional-stability parameter ¢, for the rudder-free

condition in’the conventional controls-fixed lateral-
stability equatfons. For very large airplanes having
relatively high values of* the rudd-er mass parameters
with respect to the rudder aerodynamic parameters ,
however, analysis of the rudder-free stebility should
be mede with the complete equations of motion. Good
agreement between calculated and measured rudder-free
stability characteristics was obtained by use of the
sneral rudder-free stability theory, in which four
%egrees of lateral freedom are consfdered.

When ths assumption IS made that the rolling
motions alone or the lateral and rolling motions may be
neglected in the calculations of rudder-free stabilfty,
it is possible to predict satisfactorily the character-
istics of the long-period (Dutch roll type) rudder-free
ogcillation For afrplanes only when the effective-dihedral
angle is small. with these simplifying assumptions,
however, satisfactory prediction of the short-period
oscillation may be obtained for any dihedral. Further
simplification of the theory based on the assumption
that the rudder moment of inertia might be disregarded
was found to be invelid because this assumption made It
impossible to calculate the characteristics of the short-
period oScillations.

INTRODUCTION

Some military airplenes have recently encountered
dynamic instability in the rudder-Tree condition.
Certain other airplanes have performed a rudder-free
oscillation called ‘"snaking™ in which the airplane yaw
and rudder motions are so coupled as to maintain a yawing
oscillation of constant amplitude. These phsnomena have
been the subject of various theoretical investigations,
and the factors affecting the rudder-free stability have
beer, explored and defined in the theoretical analyses
of references 1 to 3.

In reference 1 the most complete set of the three
sets of equations of the rudder-frce motion is developed.
The equations of reference 1, however, are very involved
and rether unwieldy, and use of these equations to
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determfne the rudder-free stability characteristics is
consequently laborious. Such equations are usually
simplified by neglecting certain degrees of freedom or
certain parameters and thus obtaining approximate though
satisfactorily accurate solutions.

In reference 2, the equations were simplffied by
neglecting the rolling motions of the airplane. In
reference 3, which supersedes reference 2 for the rudder-
free theory, further simplification was obtained by
neglecting sidewise motion as well as rolling motion.
An additional simplifying assumption of reference 3 is
that the rudder moment of inertia might be neglected.
It was realized that these simplified equations were’
not applicable throughout the entire range of the
variables that could. be obtained, but the results were
believed to be generally applicable to airplanes of
that neriod.

In order to obtain an experimental check of the
general and simplified equations, an experimental program
ig being conducted in the Langley free-flight tunnel. The
results of the first part of this program are reported
herein and are concerned with the rudder-free dynamic

stabillity of a > -scale airplane model in gliding flight

equfpped with rudders having inset-hfnge balances and
neglfgible friction.

The rudder-free stability characteristics of the
model were investigated for varying amounts of rudder
aerodynamic and mass balance. The model was tested both
in free-flight and mounted on a strut that allowed
freedom only in yaw In order to determine experimentally
the differences caused by neglect of the rolling and
lateral motions of an airplane wfth rudder free,

In order that the results obtained by theory and
experiment might be correlated, calculations were made
of the theoretical rudder~free stability of the model
tested by equations involving four degrees of freedom
and by equations involving fewer degrees of freedom.

In addition, the rudder-free stability of the model was
calculated by an approximate method- that neglected all
of the rudder parameters except those causing a reduc-

tion in the directional-stability parameter ¢,  For

the rudder-free condf tfon.
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Various force, hinge-moment, and free-oscillation

tests were run in order to determine as many as possible
of the stability derivatives required in the calculations
of rudder-free stability.

SYMBOLS

wing arca, square feet

free-stresm airspeed, feet per second
wing span, feet

wing chord, feel;

span. of radder, feet

mass of wodel, slugs

mass of rudder, slugs

redius of gyretion of model about longitudinal (X)
axig, feet

radius of gyration of model about vertical (2)
axis, feet

radius of gyration of ruddsr about hinge axis, feet

dfstance from center of gravity of rudder system
to hinge axis; positive when center of gravity
is back of hinge, feet

distance from model center of gravity to rudder
hinge line, feet

{ A
differential operator  i.—:
distance traveled in spans (Vt/b)
period of oscillations, seconds

time required for motions to decresse to one~half
amplitude , seconds

time, =econds
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A, B, ¢, 3, E coefficients of stability quartic for
rudder-fixed lateral stabilfty

Aoy Bis Cqs Dqy Be, Pq, G, H, coefficients of stability septic
A for rudder-free lateral

stability
A5, Boy 0oy Do, By, F coefficients of stability quintic
29 PP WPs s s
ererte for rudder-free lateral
stability
A39 B, C,s Db B coefficients of stability quartic for
FU5 T35 rudder-free lateral stability
A»,BL,CP D) » coefficients of stability cubic for
L T rudder-free lateral stability
A root Of stebility determinant (A = a' + ibt)
ib? imaginary vortion of comnlex root of stability
quartic
al real root or real portion of a complex root of
stability quartic
. L)
q dynamic pressure, pounds per square foot (§pv )
p mass density of ailr, slug per cubic foot
n mod-el relative-density factor (m/cSb)
T rudder relative-density factor (m,/pbnc.2)
Cp root-rrean-square chord of rudder, feet
a angle of attack, radians unlsss otherwise defined
8 angle of sideslip, radians unless otherwise defined
[ angle of roll, radians unless otherwise deffned
v engle of yaw, radians unless otherwise defined

ruddecr angular deflection, radians unless other-
wise defined

A flight-psth angle, radians unless otherwise defined
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rolling angular velocity, radians per second

yawing angular velocity, radians per second

lateral component of velocity, feet per second

11ft coefficient (Llﬁﬁ
. gs
drag coefficient (2Z28)

(Pitching moment®
pitching-moment coefficient \ gsSc )

. A . . Lateral force) .
lateral-force coefficient (= : '

qs
~ P e e Rolling moment)
rolling-moment coefficlient { Ob y
Co as

T 3 - o N

: . e Hiawing noment

vawing-moment coefficlient - égé )
: S T

. e e Hinges momen
hinge-moment OOGfIlClGHt(_ e ent

rate of. change of lateral-force coefficient with
angle of sideslip (3Cy/0p)

rate of change 0f rolling-moment coefficient with
angle of sideslip (3C;/38B)

rate of change of rolling-moment coefficient with

rolling angular-velocity factor Gﬂh/&%%)

rate of change Of rolling-moment coefficient with

r
o ¥

yawing angular-velocity factor ( ré)

rate of change of yawing-moment coefficient with
angle of sideslip (0Cy/3p)
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o, rate of change of yawing-moment coefficient with
! D _ .

angle of yaw v = —Cng
Ch rate of change of yawing-moment coefficient with
“p . . . B N . .

e e e / pb'
rolling éngular-velocity factor \bcn/agg

Ch -rate of change of yawing-moment coefficient with

yawing aﬁgular—ﬁelocity factor aéCn/b2v>

0. rats 6f'change of yavwg-moment coefficient with
Ng rudder angular deflection (3Cnr/A0)
Chﬁ rete of change of rad&er nlngn-mompn+ coefficient

with angle of sideslip (oCp/B8)

rate of change of rudder hinge~moment coefficient

. Cn :
ith angle of vyaw | - = - Gy,
w (80 S Y ( OV : h@)

Chy, rate of change of rudder hinge-roment coefficient

with yawing angular-velocfty factor (&)Ch/é—m)

o rate of' change of rudder hinge-moment coefficient
0 with rudder angular deflection (5¢y,/8)

Oy rate of' change of rudder hinge-moment coefficient
D6

. with rudder angular-velocity factor éCh/B(;zvj)

APPARATUS

The tents were run in the Langley free-flight tunnel,
a complete description of which is given in reference l.
The model used in the tests was a modified 1/7-scale
model of a Fairchild XR2K-1 airplane with its center of

IRy
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gravity located 23.8 percent of the mean aerodynamic
chord. Figure 1is 2 three-view drawing of the model.
The mass and dimensional characteristics of the model are
given. in the following table:

‘N’eight » pounds n L] [ [ ] [ ] L] [ ] * ° n . [ ] [ ] L] [ . L] ogg
RadIUS Of gyration, kz, fOOt L] [ ] e . . [] [ ] [} [} 007

Wing area, squéare feet + + v & v o v o v 4 4 4.

i.m
Wing span, faet v o &4 & & 4 4 x e L, w e s e a a s .55
wing cnord, foot , + & ¢ 4 ¢ 4 o 4, o ow e a-e . . 0.785
Distance from airplane center of gravity ¥
to rudder hinge line, feet .. . +. « « ., . 2.0
Height of rudder, foot , . . . -« .« . 0.0606

Root-mean-square chord of rudder FOOL o+ o v v e 0.185 .

The vertical tail of the model was a straight-taper
surface with a rudder of the Inset-hinge type. The area
of the rudder behind ths binge line was LO percent of
the vertical tail area. Three different nose balances
were attachsd to the rudder in order to vary the amount
or' aerodynamic belance. Sketches of these surfaces are
given IN figure 2. The mass characterfstics of the
rudder were varied by moving weights within the rudder
or along a thin metal strip thet vrotruded at the base
of the rudder trailing edge. The rudders wsre mounted
on ball bearings to reduce friction to a minimum.

* The yaw stand used in the tests was fixed to the
tunnel floor and allowed the model complete freedom In
yaw but restrained it from rolling or sidewise motions.
A photograph of the model installed on the yaw stand is
shown as -figure 3

TESTS

Tests were made to determine the period and damping
of the rudder-fres lateral oscillations of the model
during free gliding flight and when mounted on ths yaw
stand. No tests were performed to determine the effect
upon the rudder-free stability of eliminating only rolling
motions.
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Scope of Tests

The range of rudder aerodynamic and mass character-
istics covered in tha tests is given in table I. The
test range investigated was obtained by altering the mass
characteristics of the rudder by addition of weights at
various locations. 1In this manner the rrass, center of
gravity, and radius of gyration of the rudder were varied
simultaneously. This procedure was followed for the rudder
equipped with each of three different amounts of aerodynamic
balance. All tests were run at a dynamic pressure of
1.90 pounds per square foot, which corresponded to an air-
speed of approximately O feet per second. The lift coef-
ficient was approximately 0.6.

F1i t 'Tests

Flight tests were made for the model test conditions 1
to 3 and 10 to 13 of table T. These tests were made by
flying the test mcdel freely within the tunnel as explained
in reference L. During a given flight, a mechanism within
the model was so activated as to free the rudder after an
abrupt rudder deflection of about 15°. The rudder-free
lateral oscillations resulting from the rudder disturbance
were recorded by a motion-picture camera. The period and
damping characteristics of the flight oscillations were
obtained from the motion-picture record and were corre-
lated with corresponding records from the yaw-stand tests
and with calculated characteristics. Several runs were
made at sach test condition and showed a variation of
period of about 2 percent and a variation of damping of
less than 10 percent. Typical flight oscillations are
shown in figure l.(2) for a stable conditicn and in
figure I (b) for an unstable condition.

Yaw=-8tand Tests

The yaw-stand tests were made for ail tsst con-
ditions listed 'In table I. Thess tests were made under
conditions reproducing those considered in the analytical
treatment of reference %, in which the rolling and the
lateral motion of the airplane center of gravity are
neglected, For the yaw-stand tests, the model was attached
to the stand and the rudcer was deflected 15°., At the
given test airspeed, the rudder was abruptly released
and the resulting oscfllations were photographed by means
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of a motion-picture camera installed above the model..
Records of the period and damping of the yawing oscilla-
tions were then obtained in the same manner as for flight
tests. Approximately the same scatter of period and
demping values was obtained in the yaw-stand tests as in
the flight tests, Plots of representative yawing oscilla-
tiong obtained from the yaw-stand tests are shown in fig-
ure L (a) for a stable condition and fn figure L(b) for

a neutrally stable condition.

Method of Analyzing Test Data

Stability theory Indicates that the rudder-free
lateral oscfllations are ~crnosed of two superimposed
oscillatory modes , one of 5hich has a shorter neriod than
the other, The test csciliations, however, after a short
intervel of time reprssented only one of these modes
the one that subsided later because of the period or damping:.
Tn general, the stapility calculations showed thet the
short-period mnde damped tO0 one-half amplitude in roughly

the period of the other mode. The test oscillations
thersfore representsd ths long-veriod mode for most of
the test conditions.

Measurement of Stability Derivatives

The stebility derivatives necessary Tor the calcula-
tions are given on takle II and were obtained by the
following »procedures: The partial derivatives of yawing-
moment coefficfent with respect to angle of yaw and rudder
deflection, Coy and Cnﬁ’ were determined from force

tests of the model on the six-component balance of the
Langley free-flight tuanel dsscribed in reference 5. The
results of these teste arc prsesented in figurest to 8

The hinge-moment derivatives due to angle of yaw and
rudder deflection, Chw and Ch6, were determined from

hinge-moment tests of ths model rudder, the data from
which are presented in figures 9 to 11. The rudder
hinge~-moment darivative due tO0 yawing angular velocity
Chr was then caleculated hy the relationship

- 2% \
L/hr =3 Ch‘«l} (1)
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The yawing-moment derivative due to yawing angular
velocity Cnp (fig. 12) was determined by the free-
oscillation Method described in reference 6, and the
rudder hinge-moment derivative due to rudder angular
velocity Cp was similarly determfned. The measured

values of the parameter Chpg (=0.0236 Tor rudder 1

and -0.0l2L for rudders 2 and 3) did not agree with the
value of -0.152 as calculated by the method presented in
reference 7 except that the frequency of the oscfllation
was neglected. The cause of this discrepancy was not
determined but is believed to have been the hiph
oscillation frequency at:which the tests were

run (about 6 cycles per second at an sirspeed of [0 feet
per second). This frequency corresponded approximately
to the calculated frequency of the rudder in the rudder-
free tests of conditions 1 to 9 in table IT.

Measurements indicated that the frictional damping
of the rudder was about one-tenth of the air damping.
This value was considered negligible and no attempt
was made to introduce friction derivatives into the
calculaticns. Four runs were made with each rudder and
the scatter of values of ChD@ was less than 10 percent.

The partial derivative of the rolling-moment coef -
ficient with respect to the rolling velocity
parameter Cy, Was determined from the charts of

reference 8. The derivatives c, and ¢, were
. . 0
determfned from the formulas glveﬁ in reference 9.

CALCULATIONS

Scope

Calculations were made of the damping and period
of the rudder-free lateral oscillations of the model for
the range of airplane and rudder parameters given in
table 1. These calculations were made by equations that
provided four degrees of freedom as well as the fewer
degrees of freedom which resulted from the neglect of
rolling or the neglect of rolling and lateral motions.
Other calculations were made to determine the effect of
varying the effectfve-dihedral parameter CZB upon the

rudder-free stability characteristics.
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Method

The customary methods of stability calculation
(outlined in reference 3) were employed in the present
investigation. The equations or" motion were set up,
rendered nondimensional, and S0 treated as to obtsin the
stability equations Jefining the period and damping of
the lateral-stability modes.

Equations of motion.~ The nondimensional equations
of motion used in the calculations are given in the
following paragraphs

The squations used for the rudder-fixed condition
are

Equations (2) yield the familiar lateral-stability
equatfons of the form

A?\.h‘ + B?\5 + CM> + DA+ E = 0 (3)

The general equations of motion for the rudder-
free condition (four degrees of freedom) are
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(duD - cyﬁ)g + !-cl-\;f + (2uD + C1, tan 4)¥ =0
o ~ o :
®vy“ 1 / ]_ A
- 3+ 100 (_.X) D2- = DIG + fe=p }) -
(o )L L \b, A A R A
N7 AN 1
(«cn)m -é—cn D%yf+ 2ui=2) 17 —_}-Cn DI+ (~Cp N6 = 0
N G b B \ D/ 2 'I’_j K ‘5/)
: = N (L
/2 e Ve o
R Tl T R
\ { L.y
2 . - T
+ 2' (1;_(_.]:\ D2 - A ::{:.? D B Du }j-—: 2 - L—.L.,.m T \'J
l"“r \b ‘L"'I’\ b =ity b2 19 Bu‘}”l”J
r 2
o 2a (D) -Gy -i0, Dl =0
“r\D) “Hs " 27|
- v

Equations (L) yield the rudder-fiece lateral- ~-ctabili ty
equations of ths form

2N+ P AT+ G At E, =0 (5)
s SURES]

For the rudder-free OOudlblOD, when rolling is

neglected (three degrees of freecdom), the eqguations are
g g
(2@ - GY@>Q + (2uD) = 0 h
¥y ° 2_1, 1|. SN
J
— » . .
Xr 8 X .
2y 5D Chﬁ . > (6)
ALY -
+ {2 =] D"~ 2y, =—D+2 5D = =0y, DIV
Lﬁ“r b) r Hp 2 5 7h )
e |
/1; 2 - 7]
or < ~ 1 ™ -
4 I»Ep,rkb/ D “hg ECth)"J@ 0
J
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Equatiens (6) yleld stability equatfons of the form

A2X5 + azﬁu + CZKB + Dakz + Egk + Fy =0 (7)

When the rolling motion and the lateral motion of

the center of gravity are neglected (two degrees of freedom),
the equations are

Equations (l)yield stability equations of the form

BN+ BAS 4 0A° + DN+ E, =0 (9)

If, in addition to0 neglect of rolling and lateral
motfion of the center of gravity, the rudder moment of
the equations are

inertia is also neglected,

i 2
{?“(75) D™ -3

F(10)

H
v 9O
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Equations (10) yield stability equations of the form

A)_L?\B"-l— Emz + G+ D) =0 (11)

Determination of pericd end demping of lateral
oscillations. - The rooecs of equations (3), (57, (7),
(2), and (11) are of the form A = at' or A= at + ib?,
The roots are used in the following equatfons to deter-
mfne the period and the time to damp to one-half
amplitude:

' ; 217 b
P = b T a2
and
-10250.5 1
T = ey (1%

The results of the tests and caleulations are presented
in table IT, which 1ists the period and the recinrocal of
the time to damp to one-half amplitude for sach condition
investigated. The recipnrocal of the time to damp tO0 one-
half amplitude was chosen to evaluate the damping, bccause
this value is @ direct rather than an inverss measure of
the degree of stability. ©Nezative values of the reciprocal
of the time to damp to0 one-half amplitude refer to the
time to increase 10 double amplitude.

Correlation of Tests and General Equations

Calculations.~- The stability calculations made with
the general equations of motion indicated that the motions
of an airplane with rudder free consist of two aperiodic
modes (convergences or divergences) end two oscillatory
modes, one of which is of a period 2 to 10 times the oOther.
As shown by the results presented in table IT,these
calculations indicated that, as iong as the rudder rad-ius
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of gyration and mass unbalance were small (conditions 1
to 9), the short-period mode was very heavily damped and,
consequently, the characteristics of the more lightly
damped long-period mode determfned the nature of the
rudder-free oscillations. Table II indicates also that
the charactericstics of the long-perlod mode were only
slightly affected by the rudder parameters as long as the
rudder mass parameters were low (conditions 1to 9).

When the radius of gyration and the mass unbalance
of the rudder were large {(conditions 10 to 13), the
calculated period of the short-period mode increased
considerably and the demping decreased. At high negative
floating ratios (conditions 12 and 13), the calculations
indicated that the destesbilizing effect of hfgh rudder
radius of gyration and mass unbalance was sufficient to
cause lateral. instability.

P11 ght %tests.~- The results of* the flight tests are
presented in table TI. These data indicate that, for low
values of the rudder mass parameters (conditions 1
to 9), the less damped and hence the apparent mode had a
period of about 1.5 seconds, whiech corresponded to that
calculated for the long-veriod mcde. FoOr high values of
the rudder mess parameters (conditions 10 to 13), either
the long- or the short-period mode was the less damped
of the two rnodss and hence determined the characteristics
of the apparent motion, depending upon the magnitude of
the rudder serodynamic parameters QhB and Cp,- For the

condition of high rudder aerodynamic parameters (condi-
tions 10 and 11) the long-period- mode was the less damped,
Condition 12, however, showed the short-period mode to

be the less damped at somswhat lower values of the rudder
mass parameters than those of condition 11, and condition
13 gave an unstable short-period oscillation for even lower
values of rudder mass parameters,

Comparison of theoretical and calculated results. -
The tests confirmed. the results predicted by the theory
inasmuch as an unstable lateral oscillation was obtained
for test condition 13. The quantitative correlation of
measured values of period and damping with correspond-ing
values calculated by the use of the general equations is
shown in figure 13, These data show that the agreement
between measured and calculated values of period was
excellent for all conditions tested. This agreement was
also shown in the correlation between measured and calcu-
lated values of damping except For conditions 12 and 13.
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For conditions 12 and 13, the calculations indicated &
larger degree of instability than thHat encountered in ths
tests. This apperent olsvrepancy was explained by
further calculations which showed that tne rudder~froe
stabllity wes critically dependent upon the rudder ross
characteristics for these test conditions. The results
of the further calculations are given in figure 1L and
ghow thet the degree of 1ﬂstab111ty encountered in test
cond1t1on 13 -was indicated by theory to occur at some-
what swaller values of mass unbolance than that used for
the teets. Another possible. sxplenation of the discrep-
ancy betw c1chel t stq and theory for conditions 12 and 1z
Is thet the actual vsluse 01 Gy, "or thSc low~Lfbcuency
: Dy - .
conditions might have been higher than tne values uzed in
the cealculetions end octavned from high-frequency measure-
ments. Wore in formatlon is required to determine the
effeot of frequency of . t?u oscillation on this paraméter.

@
>
(07¢}

Phjswcal Jnteroreta+1nno-,In‘order to explain more
clearly The physical cspocis of the long=- and short-neriod
modes of the rudder-fres. oscill “TL0ﬂss 8dQ7tlﬂd91 calcu~
lations were made of thre rudjewmffe cend rudder-fixed
stabwllty'cbaracterv“flﬂ% over a wide range of dihedrsl.

- In this way, it was possible to,observe analytically the
chaﬂ%e of lateral stablility with dihedral when the rudder
was free. )

A comparison:yof the results of. the rudder-,ixed
and rudder-free calculetions indicated that tab short-
period mode of the rudder-free oscillations had no counte er-
part in rudder-fixed flight (table TT, condition 1),
This mods, trv°9iore, wes an. entirely “naw ecillation
created by ths new degree. of freedom *that oceurred w“cp
the ruddsr was freed and Orobaoiv repressnts - the 11l
lation of the rudder sbout its own qxnﬁ lins. The c 1o~
lations also showed thet the charan ter73t¢cuioﬁ the
short-period mode were vi rtually indspendent of the
effective~-dihedral parerster ¢V,= The variation of ths

L Zj,{_"
al N 2 ke’ "\' i‘_/ o al b
calculated valuss of period and danping »7 ths short-
preriod oscillation for condition 2 with the eff ctivu
dihedral vparamster is as follows:
' C P 1/
& {s3c) (1/sec)
0 0.087 11i.35
O i -
_.O)E\L .O;}? llf.!_oj)S
- QOU aOQ? 14.;,054_‘,
-. 12 LCOY 1i. 3
57 oty s e
-.16 LOUT 155
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The additional calculations indicated that the
characteristics of the long-period mode of rudder-free
oscillations varied with the effective-dihedral
parameter ¢ in a manner similar to the variation of

the rudder-fixed oscfllations wfth this parameter. The
results of these calculations are presented in figures
15 and 16 and indicate that the characteristics of the
long-period mode for the rudder-free conditisn were of
the same order as those of the rudder-fixed oscillation
but were of lower damping and higher period, Inasmuch
as freeing rudders of negative floating tendencies is
known to decrease the directional-stability parameter Cy

and a decrease in this factor 1s known to decrease the
damping and to increase the period of the lateral
oscfllation (references 10 and 11) the long-period mode
of the rudder-free oscillations gppears to be a modifica-
tion of the familiar Dutch roll oscillation normally
encountered in controls-fixed flight. The characterfstics
of the long-perlod rudder-free mode may then be concluded
to be largely dependent upon the same parameters as the
rudder-fixed oscillatory mode, For airplanes having rudders
of negative floating tendency, then, instability of the
long-perfod rudder-free mode should. occur at smaller
values of effective dihedral than for the corresponding
rudder-fixed ccndition.

Correlation of Tests and Simplified Equations

Neglect of rudder parameters. - Inasmuch as most
present-day airplanes have low values of rudder mass
parameters, the long-period node is the predominant
factor affecting the rudder-free stability character-
istics for airplanes having rudders of negative floating
tendency. Consideration of the rudder mass parameters
would therefore not seem necessary for these airplanes.
A approximate solution for the rudder-free stability has
been obtained by simply considering the controls<fizxed
dynamic lateral-stabflit7 equations (2), in which the

value of Cnﬁ for the rudder-free condition is used.

Calculations were made for the test conditions by
this approximate method, and the period arid damping
results are presented in table IT and, for condition 7,
as points on figures 15 and 16. The value of Cnﬁ for
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the rudder-free condition was calculated by the following
relation from reference 1:

N
C. = _J_iiﬁ
“(rudder free) "{rudder fixed) hg

The values of period and damping obtained with this
method are in good agreement with the values calculated
by the general equations for test conditions 1to 9,

For conditions 10 and 11 the correlation is rather poor,
as was expected, because of the high values of rudder
mass parmeters at these two conditions. Because the
approximate method cannot predict a short-period oscil-
lation, this method failed completely to predict the
important features of the rudder-free motions for con-
ditions 12 and 13, for which the short-period oscillation
was about neutrally damped-. These calculations indicate
that, although the predictions yielded by the approximate
method are good at low values of the rudder mass parameters,
a more complete analysis is necessary at high values of
the rudder mass parameters,

Neglect of rolling motion.- Tne simplification oObtained
by neglecting rolling motion was investigated TOr the
present report by comparing the results obtained by the
general equations with those obtained by eguations
neglecting rolling (equation 6). The vaives of period
arc! camping for the test conditions as calculated by
equation (_%)_are presented in table II. In figure 17 the
characteristics of the short-period mode obtained by this
method are compared with those calculsted by the general
equatfons, The correlation of the characteristics of both
the long- and short-period modes calculated by the modified
equations with those obtained from flight tests or from
cailculations by the general equatfons is fair excent for
eoncditions 10 and 11. This fact might indicate that the
simplified theory gives noor correlation for the case of
near-neutral stability of the short-period mode when the
period of the long- and short-period modes is nearly
egual.,

Equations (6) show that neglect of rolling eliminates

all of the derivatives involving rolling moment as well
as these involving rolling motions. The effect of C,
8
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on the lastsral stability cannot, therefore, be predicted
by this simplified method. The effect of dfhedral on
the long-neriod mode is to reduce both the period and
the damping, as is shown in flgures 15 and 16. For
dihedral angles less than 5° <§7’B < 0.06) ,- however,

neglect of rolling in the equations givesconservative
results, because thess equations Indicate less damping
than the general equations for low values of rudder mass
parameters (conditions 1 to 9). This result is obtained
meinly Pecausée with low dihedral the rolling component
of the motion is small,

The .effect Oon the stability of neglect of rolling
with rudder fixed has also been investigated. The
results of these calculations are given in table II
under condition 1l and show reasonably good agreement with
the results obtsined by the general theory for the rudder-
fixed condition. This agreement is further: proof that, for
low values of dihedral, rolling msy be neglected in
making these calculatiens. On the other hand, for air-
planes having high dihedral and large valuss of relative
.density and radii of gyration, the long-pesriod oscilla-
tfon might tecome unstable, as shewn in references 10
and 11. The neglect of rolling for these conditions
would invalidate the results for the condition with the
rudder either free or fixed.

Neglect; of rolling and lateral motion.- In the
theoretical analysis of rudder-free stability published
in reference 3, the equations were further simplified
by neglecting lateral motion of the airplane center of
gravity as well as the rolling motions. These simplified
equations also predicted a long-period and a short-period
osciliation:

Tests of the model in the rudder-free condition
were made on the yaw stand in orcder to renroduce the
theoretical assumptions made in reference 3 (freedom in
yaw about the airplane Z-axis and freedom of the rudder
about its hinge 1line). The results of those tests are
presented in table IT and indicate that,for low values
of the rudd-er mass parasmeters (conditions 1 to 9), the
long-perrod mode was the less damped end hence determined
the characteristics of’ the apparent motion. For higher
values of the rudder mass parameters (conditions 10 to 13),
either the long- or short-perfod mode was the less damped,
depending upon the magnitude of the rudder aerodynamic
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parmeters. For conditions 10 and. 11, the long-period
mode was the less damped;whereas, for conditions 12 and 13,
neutral. damping of the .short-period mode'was obtained at
lower values of the rudder mass parameters,

It may be of interest to note that in unpublished
data from yaw-stand tests,made at higher values of mass
unbalance of the rudder than those presented herein, an
unstable short-period oscillation was obtained’, This
unstable oscillation could be started with a very small
disturbance and would increase in amplitude until it
became a constant-amplitude oscillation of about ilEO
yaw.

The results of calculations made by utilizing the
equations of reference 3 are listed in table II and have
been compared. in figure 18 to measured values obtained
from the yaw-stand tests. The data presented in figure 18
show that the equations of reference % closely predicted
the rudder-free dcta obtained in tha yaw-stend tests for
stable conditions. Like the general theory, however, the
simplffied equations predicted instability of the short-
period oscillation at lower values of rudder mass parsmeters
than did the yaw-stand testa.

A comparison of the yew-stand- and free-flight test
results shows that the elimination of the rolling and
lateral motions results in somewhat longer period arid
less damping than is obtained in Flight, as long as the
long-period oscillation is the controlling factor in the
apparsent motion in flight. When the characteristics of
the short-period oscillations are apparent in flight,
tests on the yaw stand give nesarly identical. results
with those from flight tests. These data indicate that
for small effective dihedral angles neglect of the
rolling and lateral motion yields conservative value3
for the long-period, rudder-free oscillation and accurate
values for the short-period oscillation. This fact
confirms the conclusion, drawn from the analytical
investigation concerning the effect of dihedral, that
the characteristics of the short-period mode are
relatively independent of dihedral, which is a basic
rolling derivative.

The data of table II indicate that the simplified
theory of reference 3, which neglects rolling and lateral
mot:-lor!, predicted the characteristics of the short-period
mode just as well as did the general- theory and that use
of the simplified theory was therefore justified in this
resoect.
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Neglect of rclling, lateral motiom, and rudder
moment of fnextia.- A t'urther assumpfion suggested in
reference 3 1S that the moment of inertia of the rudder,
in addition to rolling and lateral motion, might be
disregarded in the calculation of rudder-free stability,
The results of calculations made with the rudder moment
of inertia neglected are presented in table 11 and
indicate that, for airplanes with small amounts of
effective dihedral, application of the theory gives a
reasonably asccurate orediction of the rudder-free stability
characteristics as long as the long-period oscillation
is the controlling factor in the apparent motion. For
conditions in which the short-period oscillation is the
less damped mode, however, the assumption must be con-
sidered wholly invalid for rudders of negative floating
tendencies, because the calculations indicate that, when
the rudd-er moment or' inertia. i s neglected, the short-
period mode IS replaced by a heavily damped convergence.

CONCLUSION

The following conclusions were drawn from an
investigation in the Lengley free-flight tunnel of-the
rudder-free stability characteristizs of an airplane
model equipped with rudders of negative floating
tendencies and having negligible friction:

1. For most present-day airplaness, consideration of
the rudder mass parameters 1S not necessary in an analysis
of the rudder-free stability characteristics. These
characteristics may be examinsd simply by considering
the dynamic lateral stability and by using the value of
the cdirectional-stability parameter ¢, for the rudder-

wl

free condition in the conventional controlsfixed lateral-
stability equations.

2. Analysis of the rudder~free stability of airplanes
having relatively high values of the rudder mass parame-
ters with respsct to the rudder aerodynamic parameters
(such as would be encountered in very large airplanes)
should be mads with the complete equations of motion
for the rudder-fres condition.

The rudder-free Stability characteristics of the
model tested were satisfactorily calculated when all four
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degrees of lateral freedom were consfdered in the calcu-
lations.

li. The rudder-free characteristics of the model
tested were predicted fairly well whan rolling motions
or rolling and lateral motions were neglected in the
calculations. 1Instability of the rudder-free putch roll
typve oscillation, however-, could not be prasdicted by
this method.

5. Large amounts of rudder mnss unbalance caused
an unstable short-period rudder-free oscillation for the
model tested.

6. The characteristics 0f the short-veriod oscil-
lation are found to be fndspendent of the airplane
effective dihedral and were satisfactorily nredicted Tor
the modsl tested. by either the general stability equations
in which all four degrees of lateral freedom are consfdered
or by the modified stability equations in which either
the effects of rolling motions alone Or of rolling motions
and lateral motions of the airplane center of gravity are
neglected.

7. When the rudder moment of inertia was neglected
in the calculations, the characteristics cf the short-
period rudder~free oscillations for rudders having
negative floating tendencies could not be predicted.

Langley Memorial Aeronautical Laboratory _
National Advisory Committee For Aeronautics
Langley Field, Va
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" TaBLE 11.,~ COMPARISON OF PERIOD AND DAMPING FROK FLIGHT
AND YAW-STAND TESTS AND CALCULATIONS
Testa Calculations
Rolll R‘%“inlg'
. Q ng siaeslip, Rudder
mastl Ge 1 Rollin and a
Zﬁmm% Flight TA¥ atand tg:g;y neglectgd sideslip mom::t. of P‘r""““‘;
neglacted inertia neglected
neglected
Period, P 1.72 1.80 1.69 1.3161 166 1.67 1.60
bamping, 1/T 1.17 .90 1,12 B .93 1.29
Period. P 1.61 1.78 1.60 1.60 l.ﬁg 1,6 1.60
Damping, 1/7 1,09 190 1.10 127 .9 1.39
Period, P 1.48 1.66 140 1.70 1.6% 1.61 1.60
Damping. 1/T 1.06 1.00 1.10 1.32 9 1.00 1,39
Perlod, P ——— 1.69 1.60 1.70 1.68 1,68 1.60
Damping, 1/T - .50 1.38 1.26 93 .93 1.39
Period, P s=== 1.65 156 1.60 1.6»2 1.66 1.60
5 | Damping. 1/T “nen +99 1.30 .96 1,39
¢ | Period, P === 1.62 26 1.60 1.62 1.62 1.60
Damping, 1/T - 1.00 1. 1.26 +99 .99 1.39
Period, P ===- 1.86 1.74 1.80 1,8 1.82 1.7h
7 | Damping, 1/7 - +90 1.33 1.20 .8§ .88 1.39
g | Period, P === 1.79 1.63 1.7l 1,78 .77 174
Damping, 1/T e .90 1,35 1.2 .;2 99 1,39
Period, P -———- 1.72 1. 1.60 . 1.72 1.7k
9 D:;pgng, 1/T R~ 1.00 138 1.30 13% 197 1.;9
Period. P »1-30 1.60 1.20 1.20 1.49 1.50 1.60
10 | pamping. 1/7 .50 1.05 92 1.43 1.03 1,1 1.29
Perica, P 115 1.50 1.05 1.20 1.3 141 1.60
11 | Damping, 1/7 B 1.30 90 1,53 13 130 1,39
1, | Period. P m=== —— 0.96 0.39 1,08 1.16 1.60
Damping, /T —moa === 5,30 5.80 3,85 1,74 1,39
Period, P ——— . 0.97 0.98 1.1 \ 1.
13 | pamping, 1/7 b I 52 |. 518 3.8 R LR
Period. P === I 1.56 1.go 1 1.66 1.50 P ———
1.87
Short-period oscillation
Period, P ———— —— 0.16 ——— 0,15 -
1 | pamping, 1/T D ———— 5.66 ———- L.92 Loo
Period, P -———— ——— 0.09 0.09 0.08 -——-
2 | pamping, 1/T ———— ——— 15.15 14.35 14.16 38),
Period, P | =wme=e= - 0.20 0.18 0.12 =
3 | pamping, 1/T | =ee-- avea Lby | 3.0 5.46 370
Period, P ————— —eoe 0.10 0.10 0.10 -
b | pamping, 1/7 | =cem- —— 32.30 30.80 32.30 152
Period, P - - 0,10 0.10 0.10 -
5 | pamping, 1/T | eee-- - 32,30 30.80 32.20 17
Period, P | =e=me= R 0.10 0.10 0.10 R
6 | pemping, 1T | ==e-- - 32.30 30.80 32.20 1
Pericd, P | ==ec== ———— 0.12 0.12 0.12 ———
7 | pamping, 1/7 | < ~ee-- ———e 32.30 30.80 32.20 99
Period, P | =wess [ 0.13 0.13 0.13 -
8 | pamping, 1/T7 | =--<-- ———- 32.30 30.80 32.26 ol
Period, P | =we=- -———— 0,13 0.13 0,13 -——-
9 | pamptng, 1/T R —— 22,50 30.80 32.20 88
Period, am——— ——— . 0.80 0. 0.36 ——-
10 D:;pgng,Pl/T ----- S 1.90 35 .%6 322
‘Period, P pa—— — 0.8 0. 0.51 -
11 D:mpgng, 1/7 ———— ——— 1.5 Z% . 278
Period, P 0.83 0.88 0.88 0:91 o.gg -
12 1 pamping, 1/T .10 .00 -3,31 -2.73 -1, (£t
Period, P 0.92 0.90 0.88 0.92 0.8l .-
13 D:;p:ng, 1/T -.15 .00 - -2.76 -2.19 -.9h ks
Period, P s——— “——- semme | esess | seees -
1 Damping, 1/T | =~e=== - - smees ] emee- bl

Sp ana T given in second

s,
Bapproxtmats method, aii rudeer parameters naglacted exeept those affecting 3
ng
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figure /.- Threeview grawing of fhe modified % -scale
model of the Fairchild XREW-I airpbne.
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Figs.
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Fig.

L4J0ba
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Fig.
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